Sufficient evidence has accumulated in recent years, in part through gene enzyme studies in microorganisms (Bonner, 1951; Yanofsky, 1956) , to implicate the gene as a regulator of certain qualitative and quantitative aspects of protein formation (Horowitz, 1956) . Although examples of alterations in protein structure arising through gene mutation are limited in number, there are many cases in which gene change has resulted in the loss of a specific enzymatic activity.
Since the basis for detecting an enzyme deficiency primarily rests on an inability to demonstrate enzymatic activity under various experimental conditions (Mitchell and Lein, 1948; Yanofsky, 1952 ) several fundamental problems arise. It is of the greatest interest to know whether enzyme deficiencies represent a complete loss of the capacity to synthesize the enzyme, or whether molecules structurally similar to the enzyme, but devoid of enzymatic activity, continue to be formed. This aspect of the problem becomes particularly significant in those cases where numerous mutations at a particular locus have been observed to cause the same enzyme deficiency Bonner, 1955a, 1955b) .
One wonders whether in such instances each of the mutations has actually affected the synthesis of the protein in exactly the same manner, or whether such enzyme deficiencies really reflect a damage to different sensitive areas within the gene, each of which is essential for the formation of the fully active enzyme molecule (Yanofsky, 1956; Suskind, 1956a; Bonner, 1956) .
Answers to some of these questions have recently been sought by employing immunochemical methods to study certain allelic tryptophan requiring mutants (td) of Neurospora crassa unable to form the enzyme tryptophan synthetase (Suskind et al., 1955) . Evidence has been obtained for the existence in a number of these mutants of an enzymatically inactive protein (CRM) serologically related to the enzyme (Suskind et al., 1955; Suskind, 1956) . Although many of the td mutants contain CRM, at least one of the strains, td1, forms neither enzyme nor CRM. Preparations of strain td1 have been used to adsorb anti-enzyme serum, and a highly specific antiserum has been obtained. This has permitted a quantitation of the reaction between the tryptophan synthetase of N. crassa and its homologous antibody, as well as a comparison of the immunolgical poroperties of tryptophan synthetase and the CRM from mutant strain td2.
MATERIALS AND METHODS
Cultural methods. Emerson wild type strain 5256A and a number of tryptophan deficient mutants (td) of Neurospora crassa, unable to utilize indole and lacking detectable tryptophan synthetase (Tsase) activity, were employed in these experiments Bonner, 1955a, 1955b) . A list of these strains and a summary of their properties is presented in table 1, where it can be seen that mutant td1 is the only strain so far tested which lacks both Tsase and CRM.
Wild type and suppressed mutant (tdSu) cultures were grown in 20 L carboys with vigorous aeration for48 to72 hrat30 C ona minimal medium (Beadle and Tatum, 1945) supplemented with 2 per cent sucrose. Tryptophan requiring mutants were grown similarly except that 3 g of DLtryptophan were added to the minimal medium. The mycelia were harvested by filtration, using cheesecloth, and were rinsed with distilled water.
Preparation and purification of tryptophan synthetase. The procedure for the preparation and purification of tryptophan synthetase, which represents a modification of that used by Yanofsky (1955) , was as follows: Finely powdered, lyophilized mycelia were extracted with cold phosphate buffer (0.1 M; pH 7.8) by adding the powder to the buffer with gentle stirring of the mixture to wet all of the powder. After standing 308 on October 15, 2017 by guest http://jb.asm.org/ Downloaded from at 2 to 5 C for 30 min the mixture was centrifuged at 10,000 X G for 30 min. The supernatant has a 3-to 5-fold higher specific activity than can be obtained by extraction by means of shaking with glass beads.
One hundred ml of the crude extract were fractionated as follows: The pH was adjusted to 6.9 with 0.1 N acetic acid and 14 ml of protamine sulfate (15 mg/ml) was added. The supernatant was adjusted to pH 5.8 with 0.1 N acetic acid and fractionated with ammonium sulfate (21 per cent). The precipitate was taken up in 5 ml of phosphate buffer (0.1 M; pH 7.8). An equal volume of alumina gel (Schmidt, 1931) was added with stirring and the precipitate was removed by centrifugation. The enzyme is not adsorbed on alumina, but the removal of other proteins is considerable. Pyridoxal phosphate at a final concentration of 20 ,ug/ml, and glutathione at a final concentration of 1 X 10-3 M was added to the supernatant.
The same procedure was followed for the purification of CRM.
Protein was determined either by the method of Lowry et al. (1951) or by the biuret method (Robinson and Hogden, 1940) .
Tsase assay. Tryptophan synthetase activity was measured by following indole disappearance colorimetrically, using the p-dimethyl amino benzaldehyde reaction. The tryptophan synthetase unit (TSU) employed is the amount of enzyme which will catalyze the conversion of 0.1 Amole of indole to tryptophan in a 60 min incubation at 37 C in the presence of saturating concentrations of indole, serine, and pyridoxal phosphate (Yanofsky, 1955) .
Immunization. Rabbits were immunized with partially purified (40-to 70-fold) wild type Tsase preparations employing Freund's adjuvant technique (Cohn, 1952 Nonimmune (control) serum was secured from these animals prior to immunization. Either whole, ammonium sulfate fractionated, or ethanol fractionated serum was used (Cohn, 1952) .
Assay of anti-enzyme activity. Enzyme neu- Quantitative precipitin tests. Precipitin reactions were carried out using td, adsorbed serum and CRM. The tubes were incubated at 37 C for 1 hr and then stored at 2 to 5 C for 48 to 72 hr to permit complete precipitation to occur. Antigen-antibody precipitates obtained after centrifugation in the cold were washed twice with cold 0.1 M saline and carefully drained and the protein was determined spectrophotometricaly in 0.25 N acetic acid at 277 m,u by the method of Gitlin (1949) . The supernatants were examined for antigen and antibody excess by enzyme neutralization and precipitin methods (Cohn, 1952) .
RESULTS
Tryptophan synthetase-anti-tryptophan synthetase reaction. Immunization with partially purified Tsase preparations elicits the formation of neutralizing antibody against the enzyme. Neutralization is rapid (less than 1 min), quantitative, and complete. No enzyme activity is recoverable in the specific precipitate (Suskind et al., 1955) . The quantitative calibration of an immune serum on the basis of its neutralizing activity can be seen in figure 1 , where increasing amounts of enzyme are added to a constant amount of antiserum. The ordinate, free enzyme, is a measure of the total amount of enzyme added minus the enzyme neutralized at the equivalence point (e. g., 3 TSU 3 ant.
-TSU).
Kinetic experiments have demonstrated that neutralization by anti-enzyme cannot be reversed by substrate or by several hundred times saturating concentrations of pyridoxal phosphate. Furthermore, neither preincubation of enzyme with pyridoxal phosphate or substrate has any effect on the neutralization reaction. Maximum neutralization appears to occur immediately and the total amount of enzyme neutralized is unaltered by such pretreatment. A summary of these findings is shown in figure 2. It can be seen that the only factor controlling the amount of free enzyme, measured as a function of time, is the antibody. Even when the antibody is added after the enzyme and the substrate mixture have been incubated for 10 min, the slope of the residual activity curve remains the same as the slope observed when antibody is added at zero time.
Adsorption experiments with mutant extracts. Qualitative adsorption experiments have been reported (Suskind et al., 1955 ) that indicate the presence, in various td mutants, of one or more proteins serologically related to Tsase. The quantitative and complete nature of enzyme neutralization by specific antiserum has permitted a similar quantitation of adsorption procedures, based on the specific removal, by serologically related material, of the enzyme neutralizing activity of a calibrated immune serum.
Employing a constant amount of antiserum and adding increasing units of Tsase as an adsorption standard, one can measure the units of anti-enzyme combined with and removed by a known quantity of enzyme. The removal of anti-enzyme was tested, after a 15 min adsorption period, by the addition of a known concentration of enzyme, followed after a further 5 min by addition of the substrate coenzyme mixture. The decrease in enzyme neutralizing activity of the serum under these conditions can be seen in figure 3 , curve 1, which shows that adsorption is quantitative and complete. These results can be quantities of a partially purified preparation of mutant strain td2, containing serologically active material (td2-CRM) were added to a constant amount of antibody, and the residual uncombined anti-enzyme units were determined by the subsequent addition of Tsase. It can be seen that 0.85 ml of the td2 preparation removes all of the anti-enzyme activity of the serum and is the equivalent, in neutralizing capacity, of 6.7 TSU of enzyme activity. One td2-CRM unit can anti-CRM serum (6.7 units), increasing amounts of either Tsase or td2-CRM were added. After 15 min at 5 C, 0.1 ml of Tsase was added to each tube, and followed in 5 min by the addition of 0.75 ml of the pyridoxal phosphate (40 ,g)-substrate-glutathione mixture. Tubes were adjusted to equal volume with phosphate buffer (0.1 M, pH 7.8). The amount of free (unneutralized) enzyme, determined after incubation for 1 hr at 37 C, is a measure of the uncombined antibody (antibody units remaining after adsorption) in the system. then be defined as that amount of serologically active, enzymatically inactive material in mutant td2 which will combine with and neutralize one anti-enzyme unit.
Comparison of the properties of Tsase and td2-CRM. Several experiments were carried out in an attempt to study the nature of the serologically active material in mutant td2 and to compare its properties to those of Tsase. As already noted, the mutant preparations have no Tsase activity (Yanofsky, 1952) In contrast to Tsase, the serological properties of td2-CRM remain stable even after prolonged dialysis, as can be seen in figure 5 (right) . Curve 1 shows a standard adsorption when td2-CRM is added to the antibody before Tsase. Curve 2, on the other hand, shows the result of adding mixtures of Tsase and td2-CRM to the antibody. It is clear that, under these latter conditions of free competition between CRM and Tsase, CRM effectively competes with Tsase for the antibody. In fact, the rates of combination of both Tsase and td2-CRM with antibody are approximately equal.
It would seem, therefore, that under certain conditions stability upon dialysis can be employed as a means for distinguishing between Tsase and td2-CRM. Furthermore, the results of the dialysis and competition experiments suggest that in addition to Tsase the wild type preparations contain a CRM-like protein.
The difference in the serological stability of tryptophan synthetase and td2-CRM does not appear to be a result of the preparative method employed, or of proteolytic enzymes or inactivators in the extracts, but seems rather to reflect an essential structural dissimilarity in the two molecules. As seen in table 3, dialysis of a mixture of Tsase and td2-CRM does not cause any loss in td2-CRM activity. All of the td2-CRM activity can be recovered in such preparations, whereas the Tsase activity (enzymatic and serological) shows a striking change. Hence, this difference in stability upon dialysis makes it possible to quantitatively determine the amounts of Tsase and CRM in a mixture containing the two proteins.
Quantitative precipitin experiments using mutant strains tdi and td2. It was previously reported that mutant strain td1, genetically indistinguishable from strain td2 by crossover tests, differed from td2 in its susceptibility to specific suppressor mutation (Yanofsky, 1952) and in its apparent inability to form any protein serologically related to Tsase (Suskind et al., 1955) . The suppressor results have been confirmed and extended Bonner, 1955a, 1955b) , as have the immunological results. As seen in table 2, strain td1, made genetically "isogenic" with td2 by suitable crosses , is devoid of any CRM-like protein in crude extracts and also in any of the fractions tested.
Had CRM been present in strain td1 in no more Figure 6 . The quantitative precipitin reaction between td2-CRM and td1-absorbed, fractionated, anti-td2-CRM. 0, The precipitation of td2-CRM by anti-td2-CRM. 0, Supernatant test for excess anti-td2-CRM by the specific neutralization of tryptophan synthetase.
serum. The supernatants, showing no further precipitation with tdi preparations (while retaining full CRM activity), have been used to immunize rabbits. The resulting anti-td2 serum possesses strong anti-CRM activity with most of its total antibody content directed against the td2-CRM component.
Increasing amounts of a fractionated preparation of "isogenic" strain td1 were added to a series of tubes containing 0.5 ml of this anti-CRM serum to remove the tdi-reactive antibody. After centrifuging the samples, the supernatants were tested for antibody excess with tdi and Tsase preparations. Although complete removal of td1-reactive antibody was obtained by this method, as seen in table 4, no significant decrease in specific anti-CRM (Tsase) was observed.
As a result, anti-CRM serum, adsorbed with excess td1, has been used for quantitative precipitin studies with td2-CRM in order to determine whether a relationship can be established between specific neutralization and the specific precipitation of a single antigen-antibody system.
The td1-adsorbed anti-CRM serum was heated at 56 C for 30 min, to precipitate most of the excess td1 protein. The supernatant, having full anti-CRM activity, was fractionated with ammonium sulfate (55 per cent), the precipitate taken up in phosphate buffer (0.1 M; pH 7.8) and dialyzed against the same buffer to remove the ammonium sulfate. A series of precipitin tubes was set up containing 90 units of anti-CRM per 0.5 ml of the fraction, and to these tubes increasing amounts of partially purified td2-CRM were added (0 to 360 units). After 1 hr at 37 C and 48 hr in the cold, the protein of the washed specific precipitates was determined (Gitlin, 1949) . The results are shown in figure 6 . It can be seen that maximum precipitation occurs at the CRM equivalence point (90 CRM units anti-CRM units) as determined by neutralization. The supernatants of all the tubes were tested for anti-enzyme excess by the enzyme neutralization method as well as by precipitin tests employing td2-CRM and td1 antigens. Antigen excess in the supernatants was tested for by neutralization and precipitin methods using both tdi-adsorbed anti-td2 serum and anti-tdi serum.
The results presented in figure 6 and table 5 show that the CRM-anti-CRM quantitative precipitin reaction satisfied the criteria established for a single antigen-antibody system (Cohn, 1952) . The supernatant tests indicate that all of the anti-CRM is precipitated at the equivalence point, and no antibody is present in the supernatants beyond equivalence which gives precipitation with either td2-CRM or td1 antigen preparations.
The supernatant antigen excess tests with td1-adsorbed anti-td2 serum indicate that all of the td2-CRM is precipitated in the region of anti-CRM excess. Supematant CRM appears only when the system contains more CRM than the 90 unit equivalence value. The specificity of the (Yanofsky, 1956) . In an effort to obtain information on the complexity and function of this locus in terms of its control of specific protein synthesis, an immunochemical approach has been employed to screen for and compare proteins lacking tryptophan synthetase activity but possessing serological activity. The usefulness of immunochemical analysis for providing a sensitive and specific means of detecting similarities and differences between proteins has been well supported by the classical work of Cohn and Torriani (1952) on the ,3-galactosidase system in Escherichia coli. A similar approach has been employed by Markert and Owen (1954) in studies on tyrosinase formation in Glomerella. Fortunately, the tryptophan synthetase system in Neurospora crassa has proved amenable to quantitative anti-enzyme studies. These studies have been aided in no small part by the fact that anti-Tsase serum rapidly, quantitatively, and completely neutralizes enzyme activity, a fact which suggests that the enzymatic and serological sites on the Tsase molecule are either identical, closely related structurally, or physically adjacent to one another. Furthermore, the antienzyme shows an extremely strong affinity for the enzyme, as the absence of a substrate or coenzyme effect on the enzyme-anti-enzyme reaction indicates. These properties of the system have permitted the accurate, rapid, and simple Recently, it was found that a temperature sensitive mutant, td24, which forms no enzyme at 25 C, but small amounts of enzyme at 30 C, forms CRM at both temperatures, and the quantity of CRM formed at 30 C is five to six times that formed at 25 C. This finding, together with the fact that a CRM-like protein remains as a dialysis stable residue in wild type preparations, and that suppressed td mutants, which form small amounts of Tsase, continue to form considerable quantities of CRM, suggests a number of alternative explanations for the presence of CRM:
1. It may be an enzyme precursor whose rate of formation and/or accumulation is affected by mutations at the td locus.
2. It may be a protein which is similar in nature to the P. protein in E. coli (Cohn and Torriani, 1952; Hogness et al., 1955) and which has no precursor relationship to tryptophan synthetase. However, in contrast to the P. protein, CRM is antigenic and appears to possess an affinity for anti-enzyme equal to the enzyme itself. Dialysis treated inactive tryptophan synthetase, on the other hand, seems to bear more resemblance to the P3 protein.
3. It might be still another enzyme, structurally and functionally related to Tsase, and one which catalyzes an earlier step in tryptophan synthesis (indole-3-glycerol phosphate to indole).
This extremely interesting possibility, suggested by the recent work of Yanofsky et al. (1957) in studies on indole biosynthesis in E. coli, is of considerable importance, since there is evidence from their studies that the genes controlling indole biosynthesis are very closely linked to the coil td locus. (So far, we have been unable to demonstrate any indole-forming enzymatic activity in CRM preparations from N. crassa.)
It may be that in cases where a correlation exists between the order of certain closely linked genes and the sequence of a series of related biochemical reactions (Demerec et at., 1956 ) the enzymes catalyzing these reactions may possess specific structural similarities, perhaps reflecting a similar DNA base sequence in the genes. It would seem that the use of immunochemical methods might help to resolve some of these relationships in the future.
It will be recalled that strain td1, which forms neither Tsase nor CRM, is unaffected by any of the known suppressor genes modifying the td locus 
